Abstract. Understanding the molecular action of gefitinib, an epidermal growth factor receptor tyrosine kinase inhibitor, might allow us to perform more effective therapies for hormone-independent advanced prostate cancer. A DNA microarray study was undertaken to comprehensively analyze the alteration of levels of 1,081 genes after gefitinib treatment in androgen-independent PC3 and DU145 cells and androgen-dependent LNCaP cells. The proliferation of PC3, DU145 and LNCaP cells was significantly inhibited by 50.2%, 83.8% and 55.2%, respectively, 6 days after 10 μM gefitinib administration. Of the above 1,081 genes, we identified 23, 13 and 33 genes with significantly different expression in PC3, DU145 and LNCaP cells, respectively, 24 h after 10 μM-gefitinib exposure. Among the identified genes, only Quiescin Q6, a negative cell cycle regulator, was increased after gefitinib treatment in all three cell lines regardless of gefitinib sensitivity. Except for Quiescin Q6, there were no overlapping genes between PC3 and DU145 cells. However, levels of several oncogenes or proliferation-related genes were changed after gefitinib treatment in the 2 androgen-independent cell lines. We also identified 7 unique genes [glycyl-tRNA synthetase, interferon, ·-inducible protein, stratifin, nuclear factor of κ light polypeptide gene enhancer in B-cells 1, dual specificity phosphatase 9, guanine nucleotide binding protein (G protein) ß polypeptide 2, neural retina leucine zipper] whose levels were altered exclusively after gefitinib administration in gefitinib-resistant PC3 and LNCaP cells, but not in DU145 cells, suggesting that these 7 genes could be targets for overcoming gefitinib resistance. Collectively, our molecular profiling data will serve as a framework for understanding the molecular action of gefitinib for prostate cancer.
Introduction
Prostate cancer, one of the common malignant tumors among older men, is usually treated by several therapeutic options, such as surgical or radiological procedures and androgendeprivation (hormone) therapy, according to the stage of tumor progression, patient age and physical status (1) . Prostate cancer can be successfully managed by androgen-deprivation therapy when the tumor is in a hormone-sensitive status. Once the tumor becomes hormone-resistant, the median survival is only approximately 12 months, even when conventional therapeutic modalities are performed (1, 2) . To improve the poor prognosis of this type of cancer, it is critical to understand the mechanism of the paradigm from sensitive to resistant to hormone therapy and to seek a novel treatment modality based on this mechanism.
It is well known that epidermal growth factor (EGF) is involved in the growth in many cancer cell types. Blockade of the EGF-mediated signal pathways drastically inhibits the proliferation of several cancer cells (3, 4) , suggesting that blockade of EGF receptor (EGFR) may be useful in molecular target-based therapy. Interestingly, it has been reported that protein levels of EGFR increase during the natural history of prostate cancer and the progression from hormone-sensitive to resistant prostate cancers (5, 6) . Gefitinib (ZD1839, Iressa™, AstraZeneca, Macclesfield, UK) is an orally active EGFR tyrosine kinase inhibitor that has shown anti-tumor activity in a broad range of human cancers including prostate cancer, either alone or in combination with other agents (4, (6) (7) (8) . Gefitinib has been reported to inhibit EGFR tyrosine kinase and to show an anti-proliferative effect against both hormonesensitive and resistant prostate cancer in vivo and in vitro (7, 9) , while the precise mechanism of blocking the EGFsignaling pathway has not fully been clarified (10) (11) (12) . Accumulating evidence has indicated that inactivation of phosphatidylinositol 3-kinase (PI3K/Akt), which is located ONCOLOGY REPORTS 15: 1453 -1460 , 2006 Identification of genes linked to gefitinib treatment in prostate cancer cell lines with or without resistance to androgen: A clue to application of gefitinib to hormone-resistant prostate cancer downstream of the EGFR pathway, may be lethal to several types of cancer cells (13) (14) (15) . Phosphorylation of Akt (i.e. activation of Akt) is inhibited by phosphatase and tensin homologue (PTEN) (16) . To gain insights into the molecular basis underlying the blockade of the EGF-signaling pathway and to investigate the relation between EGF and hormonerelated signal pathways, we here evaluated the effects of gefitinib on the in vitro growth of a panel of prostate cancer cell lines with or without hormone-resistance and investigated genes whose expression differed between individual cell lines before and after drug administration using DNA microarray technology.
Materials and methods
Reagents and cell culture. Gefitinib was kindly provided by AstraZeneca. Stock solutions were prepared in dimethyl sulfoxide (DMSO), and stored at -20˚C until use. To minimize its cytotoxicity, the drugs were diluted in RPMI-1640 (Sigma Chemical Co., St. Louis, MO) immediately before use with final DMSO concentration of <0.1%. Among three established human prostate cancer cell lines, hormone-sensitive LNCaP cells and hormone-resistant PC-3 and DU-145 cells were used in this study. Cells were maintained in RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum (Gibco BRL, Grand Island, NY) and penicillin (100 UI/ml) in a humidified atmosphere of 95% air and 5% CO 2 at 37˚C.
Assessment of cell growth. The cells were plated at 1x10 5 per 3-cm 2 plate. After 24 h, gefitinib was added to the culture medium at concentrations of 0.1, 1 and 10 μM each, all of which are clinically achievable concentrations in the tissue. Viable cells were counted manually using the tripan blue dye exclusion test every 24 h for 8 days. Five independent counts were made from each condition. Mean counts were plotted against time, and the logarithmic tract of growth curves was made. After 72 h of plating, the percent inhibitory rate was calculated as compared with control. As a control, we used intact cells that were not exposed to gefitinib.
RNA extraction and preparation of probes.
Prior to the DNA microarray study, we selected the 10 μM concentration of gefitinib because it clearly discriminates sensitive from resistant cell lines. Total RNA was extracted from each cell line before and after 24-h incubation of 10 μM gefitinib using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Reverse transcription and fluorescence labeling were performed to synthesize fluorochrome-labeled cDNA probes with an RNA fluorescence labeling kit (BD Atlas PowerScript Fluorescent Labeling Kit; BD Biosciences, Palo Alto, CA) for cells with and without gefitinib treatment with Cy3-dUTP and Cy5-dUTP (Amersham Biosciences, Piscataway, NJ, USA), respectively, according to the manufacturer's recommendations.
DNA microarray. We used a commercially available DNA microarray kit (Atlas Glass Human 1.0 Microrray; BD Biosciences), which contained 1,081 clones. Labeled probes were mixed with a hybridization solution (GlassHyb Hybridization Solution; BD Biosciences). After hybridization for 16 h at 50˚C, the slides were washed in 1X SSC and 0.1% SDS for 10 min at room temperature twice, and then 0.1X standard sodium citrate (SSC) and 0.1% sodium dodecyl sulfate (SDS) for 10 min at room temperature, and rinsed briefly with distilled water. The slides were scanned for Cy3 and Cy5 fluorescence with a fluoro-image analyzer (FLA-8000; Fuji film Co., Tokyo, Japan), and the fluorescence was quantified with analysis software (Array Gauge Ver.2.0; Fuji film Co.). Gene expression analysis. Fluorescence intensity measurements from each array element were compared to local background, and background subtraction was performed. To normalize the data, the Cy3 to Cy5 ratio for each gene was adjusted to a median ratio value of all spots in this array. Spots with signal intensity less than the mean value of negative control spots which is a peculiarity in this array were excluded from the following analysis. Poor hybridization spots or areas of the array with obvious defects were flagged manually. The Cy3 to Cy5 ratios in duplicate experiments were averaged in each spot. Genes were categorized as increased or decreased if the ratio difference was 4-fold or greater.
Statistical analysis. The statistical analyses were performed using JMP Version 4.02 (SAS institute, Cary, NC). ANOVA with Fisher's PLSD test were used to compare differences in the number of viable cells among the three cell lines. P<0.01 was considered significant.
Results

Growth inhibition of prostate cancer cell lines by gefitinib.
Gefitinib inhibited the proliferation of the three cell lines in a dose-dependent manner ( Fig. 1 , Table I ). The proliferation of PC3, DU145 and LNCaP cells was significantly inhibited by 50.2%, 83.8% and 55.2%, respectively, 6 days after 10 μM gefitinib administration (Table I, P<0 .01, ANOVA with Fisher's PLSD test).
The growth inhibition rate was significantly different among the three cell lines at each concentration 6 days after exposure (Table I, P<0 .01, ANOVA with Fisher's PLSD test). From these results, the sensitivity was tentatively ranked in order of DU145, LNCaP, and PC3. The proliferation of DU145 cells was inhibited significantly 2 days after 10 μM-gefitinib exposure. By contrast, the proliferation of the remaining 2 cell lines was not inhibited 2 days after 10 μM-gefitinib exposure (Fig. 1 ). This finding strikingly indicated that the anti-proliferative action by gefitinib can be observed within 48 h after administration; therefore, RNA sampling for the following DNA microarray analysis was performed before and 24 h after 10 μM-gefitinib exposure.
Genes altered after gefitinib treatment in PC-3 cells.
We identified 23 genes with significantly different expression levels between PC-3 cells untreated and treated with gefitinib. In PC-3/gefitinib cells, 14 genes showed decreased levels by >4-fold, and 9 genes showed increased levels by >4-fold (Table II) . The expression level of quiescin Q6, which is a negative cell cycle regulator gene, was markedly increased. On the other hand, guanylate cyclase and Stratifin, known as tumor suppressor genes, were markedly decreased.
Genes altered after gefitinib treatment in DU-145 cells. We identified 13 genes with significantly different expression levels between DU-145 cells untreated and treated with DU-145 gefitinib. In DU-145/gefitinib cells, 13 genes showed increased levels by >4-fold, but none showed decreased levels by >4-fold (Table III) . In DU-145 cells, the expression level of quiescin Q6 gene was markedly increased.
Genes altered after gefitinib treatment in LNCaP cells. We identified 33 genes with significantly different expression levels between LNCaP cells untreated and treated with gefitinib. In LNCaP/gefitinib cells, 12 genes showed decreased levels by >4-fold, and 21 genes showed increased levels by >4-fold (Table IV) . In LNCaP cells, jagged 1, quiescin Q6 and glutathione S-transferase θ 1 were markedly increased. The expression level of Stratifin was markedly decreased.
Genes altered exclusively in gefitinib-resistant PC3 and LNCaP cells. We highlighted the difference in gene expression patterns between gefitinib-resistant (LNCaP, PC3) cells and gefitinib-sensitive DU-145 cells. We identified 8 genes whose expression levels in PC-3/gefitinib and LNCaP/gefitinib cells were markedly different from those in DU-145/gefitinib cells. Among the 8 genes, one showed increased levels and 7 showed decreased levels in PC-3/gefitinib and LNCaP/gefitinib cells as compared with DU-145/gefitinib cells (Table V) .
Involvement of PTEN-related genes in the antitumor activity of gefitinib.
Based on the concept that PTEN pathway is involved in the EGF-relevant signaling or antitumor activity by gefitinib (17), we arbitrarily selected four PTEN-related genes from the 1081 genes in our array data (Table VI) . The expression level of PTEN-related genes tended to be suppressed more strongly in DU145 cells than in PC3 and LNCaP cells after gefitinib treatment. The expression levels of phosphatidylinositol-4-phosphate 5-kinase, mouse double minute 2, known as negative regulator of p53 product, and SHB adaptor protein were relatively decreased by approximately 2-fold in DU145/ gefitinib cells as compared with control.
Discussion
EGF and EGF receptor (EGFR) play an important role in the pathogenesis of a variety of tumors, representing a promising therapeutic target (18) . It was reported that the protein levels of both EGF and EGFR were higher in prostate cancer than in non-cancerous prostate (19, 20) . Notably, a change from paracrine to autocrine EGFR regulation has been found in hormone-resistant prostate cancer (5) . On the basis of these findings, it is not difficult to assume that the EGF-EGFR pathway activated by prostate cancer cells is closely related to their higher malignant potential and could explain the more advanced stage of this malignancy (5) . From this standpoint, a ONCOLOGY REPORTS 15: 1453 -1460 , 2006 Table I. Growth inhibition rate of each concentration at the 6th day after exposure to gefitinib. ------------------------------------------------- a P<0.01, ANOVA with Fisher's PLSD test. ---------------------------------------------------- -Table II . Genes whose levels were altered in PCS cells after exposure to gefitinib. 
Decreased genes No. 
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Ratio: log2(cy3/cy5). a Coincident with LNCaP. b Coincident with another two cell lines. Table III . Genes whose levels were increased in DU-145 cells after exposure to gefitinib. 
-----------------------------------------------------------------------------------------------------No. Gene name Ratio -----------------------------------------------------------------------------------------------------
.03 -----------------------------------------------------------------------------------------------------
Ratio: log2(cy3/cy5).
a Coincident with another two cell lines.
-
possible modulation of the EGF-relevant pathway is very attractive and may provide new therapeutic options against hormone-resistant prostate cancer at an advanced stage. Although much effort has been devoted to elucidating the signal transduction pathway of EGFR in human prostate cancer (10) (11) (12) , the molecular basis has not yet been fully disclosed. To the best of our knowledge, our current study is the first to comprehensively analyze the alteration of genes by gefitinib in prostate cancer cells for association with hormone (i.e., androgen) resistance and provides a clue to the application of gefitinib in the treatment of hormone-resistant advanced prostate cancer. In the present study, gefitinib showed significantly higher growth inhibition of DU-145 cells than of the other two cell lines. This result is reasonable considering that the PTEN gene was intact in DU-145 cells, but not in PC3 and LNCaP cells (21, 22) . In addition to the finding of the PTEN status, we found that the expression level of quiescin Q6 gene was uniformly Table IV . Genes whose levels were altered in LNCaP cells after exposure to gefitinib. 
-----------------------------------------------------------------------------------------------------A. Increased genes No. Gene name Ratio a -----------------------------------------------------------------------------------------------------
a Coincident with PC-3. b Coincident with another two cell lines.
increased in all three cell lines after gefitinib treatment. Quiescin Q6 has been reported to act as a negative cell cycle regulator and inhibits the cell proliferation control in other cancers, such as breast and liver cancers (23, 24) . Our data showing significant growth inhibition in three cell lines at a 10 μM gefitinib concentration suggest that Quiescin Q6 plays a distinct role from the PTEN pathway in the anti-proliferative effect of gefitinib in prostate cancer. We, therefore, suggest that the quiescin Q6 gene can be a potent candidate for the modulation of anti-tumor activity of gefitinib. The expression level of the glycyl-tRNA synthetase gene was significantly increased by gefitinib treatment in PC3 and LNCaP cells in comparison with DU145 cells. Although Glycyl-tRNA, an aminoacyl-tRNA, has been reported to be highly expressed in thyroid and liver cancer cells (25, 26) , there are no studies reporting the alteration of this gene in prostate cancer. In hepatocellular carcinoma, upregulation of glycyltRNA synthetase was induced by low oxygen response in association with erythropoietin gene expression (26) . Notably, in accordance with this result (26), we observed that both glycyl-tRNA synthetase and erythropoietin receptor were upregulated by gefitinib treatment in the PC3 cell line, suggesting that the alteration of glycyl-tRNA synthetase can account for the low oxygen state in the cell caused by gefitinib.
Among the other six genes whose alteration was specific to DU-145 cells, stratifin was strongly downregulated in PC3 as well as LNCaP after gefitinib treatment. The stratifin/14-3-3sigma gene is involved in cell-cycle control in a p53-dependent manner, and prevents the accumulation of chromosomal damage. This result may be supported by the previous report that frequent epigenetic silencing of the gene has been reported in several types of cancer, including prostate, suggesting that the loss of stratifin expression may be causally involved in tumor progression (27) .
Nagano et al reported that crosstalk between the EGF-and IFN-induced signalling pathways and the regulation of IFNinducible genes are altered in prostate cancer cells (28) . STAT proteins are a group of latent cytoplasmic transcription factors which function as signal transducers and activators of transcription. Stat1 and -2 were originally identified to function in interferon signaling, and Stat1 was also found to be activated by epidermal growth factor (EGF) and other cytokines (29) . Zhang et al reported that inhibition of cell proliferation by EGFR-related protein was accompanied by a concomitant attenuation of activation of mitogen-activated protein (MAP) kinases, AKT, and NF-κB (30) , suggesting the identical attenuation of NF-κB by gefitinib treatment. Down regulation of both IFN· inducible genes and NF-κB is likely to be due to either direct, or crosstalk suppression of EGFR by gefitinib, although this pathway has a minor role in the anti-proliferative effect in prostate cancer cell lines.
dual-specificity phosphatase 9, also known as MKP-4 (mitogen-activated protein kinase phosphatase 4) has a crucial role in cell cycle progression, and interacts with EGFR. MAPK-4 attenuates p38 MAPK during dexamethasoneinduced insulin resistance in 3T3-L1 adipocytes (31) . Downregulation of MKP-4 may induce up-regulation of p38 MAPK, which is consistent with up-regulation of MAPK-6 in LNCaP in our study. Cross-communication between the Met Table V . Genes altered exclusively in gefitinib-resistant PCS and LNCap cells. 
a Ratio: log2(cy3/cy5). ▲: Increase after exposure to gefitinib. ▼: Decrease after exposure to gefitinib. Table VI . PTEN-related genes after gefitinib treatment in PC3, LNCap and DU145 cells. 
-----------------------------------------------------------------------------------------------------
a Ratio: log2(cy3/cy5).
receptor tyrosine kinase and EGFR has been proposed to involve direct association of both receptors and EGFR kinase-dependent phosphorylation. Cell surface receptor cross-talk involving the Met receptor, G protein-coupled receptors, and EGFR to the oncogenic potential of Met signaling was reported in human carcinoma cells (32) . Neural retina specific gene nrl encodes members of a new bZIP protein subfamily. Nrl has dimerization and DNA binding properties with its leucine zipper motif, and was also able to form heterodimers with Fos and Jun in vitro (33) . All genes depicted in Table V were deeply involved in the EGFRrelated signal pathway, or crosstalk to other receptors, although the actual role of altered expression in each gene remains to be elucidated.
We identified the molecular signatures of prostate cancer cells in vitro after gefitinib administration in relation to hormone dependency. In this viewpoint, there may be a limitation of our present study in understanding the development of prostate cancer. However, we took clinically achievable concentration into consideration, supporting the concept that the condition used here could be close to the in vivo situation of prostate cancer and our identified genes might be related to the context of this cancer when gefitinib is clinically used.
In conclusion, gefitinib has an anti-tumor effect on prostate cancer cell lines in vitro. A panel of genes including quiescin Q6, or stratifin identified in this study and the expression status of PTEN may aid the selection of patients who could benefit from gefitinib, from among those with hormone-resistant prostate cancer. Further studies are needed to investigate how these identified genes are involved in the biological action of gefitinib and to evaluate the efficacy of these genes as molecular targets combined with gefitinib.
